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Introduction
As a result of high mechanical properties like ductility and machinability [1] , NCI is one of the widely-used cast iron types in the automotive industries. The relatively lower cost of production of heavy section parts is also the other reason for selecting them over the other [2] . Several factors can influence the property of the NCI during solidification. Among them, the alloying element, cooling rate, and microsegregation are the reasons that affect most. The presence of different elements in the molten metal can promote or restrict the growth of nodule graphite and homogenize the structure [3] . At the same time, varying cooling rate will also influence the microsegregation of elements, such as carbon, during solidification [4] . The variations in nodularity, nodule size and distribution will then alter the volume changes of the casting during solidification. These eventually lead the casting to have variable displacement changes along the different sides of the casting and becomes a factor for microporosity formation.
Up-to-date, not many researches are conducted in the areas of the volume changes during solidification of cast iron. During the early time, [5] [6] [7] performed a study on the volume changes during solidification of NCI and lamellar graphite (LG) with the same carbon equivalents and observed higher shrinkage on the former than the later one in the primary austenite solidification region. At the same time, the LG display lesser expansion in the eutectic solidification region than NCI. Elements such as Si, Ce, Sb, and Sn can promote or restrict the formation of chunky graphite over nodule graphite in the structure [8] [9] . As a result, different micro shrinkage observed in their samples. In addition to that, different approaches have been followed by [10] [11] [12] [13] [14] to measure the displacement changes during solidification. The study conducted by [15] also suggests the molding media can influence the expansion during solidification.
Considering its broader application in the industries and susceptibility to pore formation during casting, a better understanding of the principles and factors affecting the volume changes could help one to control the micro defects. In this research, multi-directional displacement changes with a cooling curve is simultaneously measured during solidification of different alloys. Later, the displacement measurements are used to describe the various phase regions in the cooling curve and the relation with the microstructural differences and micro shrinkages.
Experimental Procedures
In the first batch, three types of alloys with only differences in carbon content are used in the LVDT experiments. The second batch of the alloys represents an industrial trial in the foundry. All the displacement experiments are conducted in dry sand mold. Similar method and setup adopted from the earlier LG studies to perform the LVDT experiments [16] . During the inoculation process in the first three alloys, the same amount of Reseed ® and Ferro-manga-silicon is used.
Mold making and sensors placement. The sand mold is made by mixing silica sand and Sodium Silicate [17] [18] . Then a refractory coating paint is applied to the mold cavity and kept inside a heating furnace for curing. The mold cavity is roughly 5×7 ×1 cm after curing. In each trial, four LVDT sensors were employed on four sides of the thin plate except the top and bottom parts due to space limitation. The sensor tips are coupled with the molten NCI with the help of quartz rods. During the experiments, quartz tubes were inserted inside the sand mold to promote a smooth movement of the quartz rods. The cooling curves in each experiment were measured from the center of the casting by using S-type thermocouple placed from the top surface. The LVDT sensors have an accuracy of ±0.1 percent of the measurement, and the thermocouple has an accuracy of ±3°C in higher temperature region. The components and arrangement of the LVDT experimental setup is shown in Fig. 1 . 
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Melting and Inoculation. The first three alloys are made in a vacuum furnace by using high purity elements ( Table 1) . Each of these alloys were cut into three pieces, and the middle part is utilized in the LVDT experimentation. The same amount of Reseed ® (72%Si-1%Ca-1.5%Ce-1%Al) and 48%Fe-5%Mg-47%Si inoculants was used in each sample. In the first three samples, the molten metal prepared inside an induction furnace under an inert atmosphere to protect the melt from excessive oxidation. Then, Reseed ® and Ferro-manga-silicon were added inside the mold cavity before pouring. Metallographic study. Small samples were taken from the middle part of the LVDT experimental casts, mounted in a bakelite, ground with different grades of sandpaper, polished with 3 and 1.5 µm diamond suspension liquids. Followed by etching with 2% nital solution to evaluate the various phase fractions, nodule counts, size distributions and pore fractions under the optical microscope. The analyzed sampling area was roughly 0.118 cm² for each alloy and eight 100X microstructures taken from each sample to estimate the nodule count and distribution.
Result
Unlike the LG [16] , the displacement measurements for NCI are different. In all the experiments, the casting shows expansion in the longitudinal direction during solidification. However, the degree of expansion varies from experiment to experiment (shown in Fig. 2) . The transversal displacement measurement shows no expansion in all but AF5 as shown in Fig. 2e . During the early solidification in all experiments, the samples show small or no contraction until it reaches the eutectic solidification. Then after, most of the expansion occurs in the eutectic solidification region due to the growth of nodule graphite. After solidification was completed, the samples show contraction until it reached the eutectoid transformation region. In this region, the alloys show expansion, then followed by gradual displacement changes. Depending on the degree of eutectoid transformation [19] , samples show higher or lower expansion in this region.
The cooling curves from the first three serials show that on increasing the carbon content, the primary austenite formation region gets decreased. On the other hand, the cast alloys which were made in the foundry show a eutectic solidification. Comparatively, in the first three alloys the eutectic solidification region is shorter compared to the castings made in the foundry. The microstructural results reveal a difference in nodule size and distributions between the different alloys ( Fig. 3 ). As the amount of carbon increases in the first three alloys, the size of the nodule and the distribution was influenced directly, given that the cooling rates and the amount of inoculant used are the same (Fig. 3a-c) . The industrial NCI also shows variation in nodule size and distribution between the samples. At the same time, the amount of ferrite and perlite in each sample looks different. The nodularity of graphite is also different if a comparison is made between the cast samples from the lab and the ones from the foundry. The former samples show less nodularity compared to the later ones. The statistical analysis results ( Table 2 ) also show that there is a variation in the pore, nodule count, nodularity, ferrite and perlite fractions of the different samples. As the carbon percentage increases in the first three alloys, an increase in the graphite nodules and ferrite fractions is detected. On the contrary, the perlite and pore fraction decreases with increases in carbon containment. 
Discussion
The cooling curve with the LVDT measurements will provide the complete image of how a casting behaves during solidification and further cooling in solidus region. As mentioned earlier, the displacement measurement is only detected in the longitudinal direction except for AF5. The reason for the unidirectional displacement is the higher shrinkage pores formation in the middle section of the casting. The higher shrinkage pores formation in the middle section is related to the growth morphology of the nodule graphite and austenite precipitation. In ductile iron, the growth of the eutectic cells contains nodule graphite surrounded by an austenite layer. These phenomena will lower the graphite content in the last solidifying melt. As a result, shrinkage will be higher in the middle part.
When the casting has higher expansion during solidification, then the remaining molten metal in the last solidified region should have enough graphite to compensate the iron shrinkage. Otherwise, the casting can be prone to micro and macroporosities. An increase in carbon fraction in the composition has a positive effect on nodule graphite fraction and decrease in porosity. It is also observed that the increase in carbon content decreases the austenite formation region. As a result, less austenite will precipitate in the early stage, and more carbon will be present in the remaining liquid that later forms rather higher nodule count and graphite fraction. The increase in nodule count and graphite fraction will eventually lower the micro shrinkage formation during solidification.
When comparison is made between expansion during solidification with its corresponding cooling curve, it shows a deviation from each other. According to the displacement measurement, expansion continues to some extent but solidification is completed earlier when referred with the cooling curve. This further expansion might open-up the solid network, and it can lead to pore formation in the last solidifying region.
The nodule count, nodularity, and fraction of different phases can be altered by changing the chemical compositions and cooling rates. As a result of efficient and controlled melt treatment in the foundry casts, the samples have a higher nodule count, nodularity, and graphite fractions. Consequently, the pore fraction is slightly lower. According to the result, within the range of investigated alloy compositions, if the carbon content in the alloy is close to eutectic or slightly in the hypereutectic region then pore fraction is less. This will underline that if the carbon content during solidification in the remaining liquid is slightly higher, then graphite precipitation in a later stage will compensate the micro shrinkage.
As it is mentioned earlier, depending on the degree of eutectoid transformation [19] , samples show higher or lower expansion in this region. The variation in eutectoid transformation has no effect on the micro shrinkage formation, but it may influence the thermal stress development in the casting. Eventually, the casting might be prone to crack formation. However, this observation needs further studies to verify whether it has an influence or not.
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Conclusion
The study of the volume changes during NCI solidification by simultaneously using the displacement change and cooling curve measurements will provide a complete history of the process. In all experimental trials, the expansion occurs in the eutectic solidification region because of the nodule graphite growth. As the carbon content in the composition increases, the primary austenite formation region gets shorter. The smaller the austenite formation region, the lower the primary austenite and the higher carbon content in the remaining liquid metal. The increase in the carbon content in the molten metal will eventually increase the nodule graphite precipitation in the last solidifying region and decreases the micro shrinkage. Unlike LG, NCI shows higher shrinkage in the middle section of the casting due to the growth morphology of graphite-austenite shell and the higher micro shrinkage.
